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Abstract: This research paper presents the acoustic noise produced by a three phase motor when driven by
an inverter. The inverter is operated by various traditional approximated PWM switching schemes.
Experiments show that the acoustic noise from the three phase motor changes with the variation of the
PWM switching scheme. The PWM switching schemes included approximated sinusoidal, approximated
third harmonic injected sinusoidal, approximated trapezoidal, and approximated triangular PWM switching
schemes. The approximated trapezoidal PWM switching scheme yields the least acoustic noise. This paper
highlights a relationship (in graphical terms) between the current in the neutral wire and the acoustic noise
observed from the motor for various switching schemes. However, the relationship between the acoustic
noise and switching scheme may require further research. Furthermore, results also show that the
approximated trapezoidal PWM switching scheme yields the minimum current in the neutral wire.

Keywords: AC motor drive, PWM switching schemes, machinery acoustic noise control, neutral wire

current

1. INTRODUCTION

AC induction motors are generally considered as
the widely used electric equipment in the industry.
The accumulative acoustic noise radiated from ac
induction motors has a large impact on the
environmental noise pollution. Nevertheless, a
low-cost and efficient method for reducing the
acoustic noise from ac motors still remains a
quest. Remarkably, many research papers have
shown various reasons originating the acoustic
noise in induction motors [1-7]. In this
perspective, analog electronic filters have been
proposed to reduce the acoustic noise. Such analog
filters tend to remove the harmonics that create the
acoustic noise [8-9]. On the other hand, significant
techniques considering a variety of PWM
switching schemes along with vast discussion on
operating frequencies have been established to
reduce the acoustic noise from ac induction motors
[10-15].
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This research paper will present a comparison
of acoustic noise as recorded when the ac
induction motor is operated by four different
approximated PWM switching schemes [22]. The
four different approximated PWM switching
schemes have been derived from traditional PWM
switching scheme [16]. The advantage of using the
approximated PWM switching schemes over the
traditional PWM switching schemes is the
reduction in switching losses. In addition, a
comparison of the neutral wire current versus the
acoustic noise level for the four different
approximated PWM switching schemes, is also
presented and a correlation is developed.

2. EXPERIMENTAL SETUP

As shown in fig. 1, the experimental setup consists
of a DC power supply, V,, two series connected
electrolyte capacitors of equal value i.e., C; and

*Corresponding author: Umar Tabrez Shami; Email: ushami@ymail.com



320

Umar Tabrez Shami & Tabrez A. Shami

. o —=| Zcm gap [+—
J_"'--I Qu Qﬂ: Qﬂ.‘: Ve Phase-c
v + Vi _":\:‘
5_ Phase-h ] ’i.!fj'
s Phasc-a it
i °J=I oI I —
IL:' ] D ——
3-Phase Inverter o 3-Phase AC —
Reu Veom Induction Mator Microphone Computer for sound
Meutral Wire

Ilil.ll

recording and FFT analy

Fig. 1. The experlmental setup where the DC voltage source, three-phase inverter, ac induction motor, acoustic
noise recording microphone, and a computer for analysis, are shown.

C,. Series connected electrolyte capacitors are
used for reducing the voltage ripple. The common
point of the two capacitors i.e., point N is the
ground terminal. The DC voltage is fed to the
three-phase inverter. The three-phase inverter
consists of six MOSFETs i.e., Q; to Qg. The line to
ground voltages produced by the inverter, as
measured from the ground terminal N, are
represented as v,, vy, and v.. Whereas the line to
line voltages are represented as Vi, Vie, and ve,.
The common mode voltage found as described in
[17-21], can be expressed as,

v + Vb-i- \Y%
VCOI'ﬂ: % (1)

The three-phase windings of the motor are
connected in Y-format. The neutral point of the
motor three phase windings is connected to the
ground terminal via a small resistor R.(=1Q). The
current flowing in the neutral wire is labeled as

1l’lCl,l'['

The inverter MOSFETs are controlled by a
microcontroller. The microcontroller is
programmed to switch the inverter for four
different approximated pulse width modulation
(PWM) schemes. The approximated PWM
schemes include [22]:

a) 3" Harmonic Injected Sinusoidal PWM.
b) Sinusoidal PWM

¢) Trapezoidal PWM.

d) Triangular PWM.

For all the above mentioned switching
schemes, the microcontroller is supplied with the
same carrier frequency of 1.2 kHz. A microphone,
to record the acoustic noise, is placed at a distance

of 2cm from the motor. The acoustic noise from
the motor is recorded and stored in a computer

software. The recorded acoustic noise data can be
analyzed for determining the Fast Fourier
Transforms (FFT). The acoustic noise is recorded
while the motor is operated under no load
condition.

3. EXPERIMENTAL RESULTS

The experimental results are divided into two
parts. The first part presents the real-time
waveforms of voltages and current for the
inverter-motor systems when driven by the various
approximated PWM methods. The waveforms of
the voltages include line to ground voltage v,, vy,
and v,, the line to line voltages i.e., Va, Vie, and
Ve, and the common mode voltage v,,. Whereas
the waveform of the current includes the neutral
wire current i, A comparison of the common
mode voltage and the neutral wire -current
produced from the approximated PWM switching
schemes will aid in deciding the best choice for
selecting the switching scheme.

The second part presents the real-time acoustic
noise as recorded from the inverter-motor system
while being operated under the various
approximated PWM switching schemes. FFT of
the acoustic noise will also be presented. A
comparison of all the acoustic noise data will aid
in choosing the best approximated scheme for
yielding least acoustic noise.

Fig. 2(a) to (c) presents voltage waveform of
the line to ground, line to line, common mode, and
the waveform of the current in the neutral wire
when the motor switched under the approximate
3™ harmonic injected sinusoidal PWM scheme,
approximate sinusoidal PWM scheme, approxi-
mate trapezoidal PWM scheme, approximate
triangular PWM scheme, respectively.
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Fig. 2 Voltage and current waveforms of the induction motor when operated under the following switching schemes,

i.e., (a) 3rd Harmonic Injected Sinusoidal PWM. (b) Sinusoidal PWM. (c) Trapezoidal PWM. (d) Triangular PWM.
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Figs. 3 to Fig. 6 presents experimentally
obtained the acoustic noise and the FFT of the

acoustic noise

for

3rd

signals
harmonic
approximate
approximate

sinusoidal

injected sinusoidal

trapezoidal PWM

approximate
PWM scheme,
PWM scheme,
scheme, and
PWM scheme,

scheme produced the least, and 3™ Harmonic
Injected Sinusoidal PWM produces the maximum
acoustic noise peak amplitude.

Table 1. Peak acoustic noise for various approx.
PWM schemes.

approximate triangular
respectively. Since the acoustic noise signal is
captured by a microphone. The output of the
microphone is a voltage signal that is in
accordance with the acoustic noise signal.
Therefore, it is to be noted the acoustic noise
signals, in Figs. 3(a), 4(a), 5(a), and 6(a), are
expressed in volts units. Table 1 organizes the
recorded acoustic noise peak amplitude (measured
in terms of volt [V]) for various approximated
PWM schemes. It is seen that the Triangular PWM

Approx. PWM
Switching Scheme

Peak Amplitude of
Acoustic Noise measured
in terms of volts[V]

3" Harmonic Inject
Sine
Trapezoidal

Triangular

0.166
0.150
0.106
0.146
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Fig. 3 Response of the induction motor switched under
the 3rd Harmonic Injected Sinusoidal PWM scheme.
(a) The accoustic noise signal. (b) The FFT of the

accoustic noise signal.

4. ANALYSIS AND DISCUSSION

Fig. 2 shows that both the common mode voltage
and the neutral wire current change with the
change in the switching scheme. This is in
accordance to the results demonstrated in [22].
The FFT of all the approximated switching
schemes, as shown in Fig. 3, show that different
acoustic noise magnitude levels (expressed in dB)
exist for different switching schemes. However, a
1.2 kHz harmonic component in the acoustic noise
FFT response is the most prominent harmonic
component found in all four switching schemes.
As discussed earlier, all the switching schemes are
run with the aid of the microcontroller with a
carrier signal frequency of 1.2 kHz. The existence
of the harmonic component having a frequency
equal to that of the carrier frequency is in
accordance to [3, 5, 24]. This presence of the 1.2
kHz harmonic component indicates that a notch
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Fig. 4 Response of the induction motor switched under
the Sinusoidal PWM scheme. (a) The accoustic noise

signal. (b) The FFT of the accoustic noise signal.

filter can be connected between the inverter and
motor to prevent the 1.2 kHz harmonic component
from entering the motor. Thereby, the acoustic
noise of the motor can be reduced.

Also, a comparison of the four approximated
PWM schemes as shown in Fig. 2 to the
corresponding acoustic noise signals as shown in
Fig. 3 to 6, illustrates that as the line to ground
voltage, line to line voltage, or common mode
voltage changes the acoustic noise generated from
the motor. Table 2 presents the RMS common
mode voltage, RMS neutral current, and RMS of
Acoustic Noise, for the four approximated PWM
switching schemes. Again, it is seen that the
Triangular PWM scheme produces the least RMS
neutral current, and RMS of Acoustic Noise.
Whereas 3™ Harmonic Injected Sinusoidal PWM
produced the maximum RMS neutral current and
RMS of Acoustic Noise.

Table 2. RMS Values of various parameters for the four approximated switching schemes.

Approx. PWM RMS Common RMS Neutral RMS of Acoustic Noise measured
Switching Scheme mode Voltage[V] Current[A] in terms of volts[V]
3™ Harmonic Inject 31.77 0.238 0.053
Sine 31.59 0.214 0.045
Trapezoidal 19.63 0.103 0.031
Triangular 19.67 0.207 0.045
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Fig. 5 Response of the induction motor switched under
the Trapezoidal PWM scheme. (a) The accoustic noise
signal. (b) The FFT of the accoustic noise signal.
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Fig. 7. Comparison of the neutral wire current as
produced against the various switching schemes.

Fig. 7 demonstrates in graphical arrangement,
how the RMS of neutral wire current changes with
the change in switching scheme. Similarly, Fig. 8
presents the change of RMS values of acoustic
noise amplitude with the change in switching
scheme. Comparing Fig. 7 and 8, it is interesting
to note that the pattern of change of RMS neutral
wire current with respect to the switching scheme
is similar to the pattern of change of RMS of
acoustic noise amplitude. In other words, among
the four switching schemes, the 3™ harmonic
injected sinusoidal PWM scheme produces the
maximum neutral wire current and maximum
acoustic noise, second in position is the sinusoidal
PWM scheme, third is position is the triangular
PWM switching scheme, whereas the least neutral
wire current and the least acoustic noise is
produced by the trapezoidal PWM scheme.
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Fig. 6 Response of the induction motor switched under
the Triangular PWM scheme. (a) The accoustic noise
signal. (b) The FFT of the accoustic noise signal.
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Fig. 8. Comparison of the acoustic noise produced
against the various switching schemes.

However, the research can be extended to explain
the relationship between the neutral wire current
and the acoustic noise. At this stage the best
choice to the least acoustic noise is to operate the
motor from the trapezoidal PWM switching
scheme.

5. CONCLUSIONS

This research has shown the acoustic noise
characteristics for motor driven by the four
approximated PWM switching schemes including
3™ harmonic injected sinusoidal PWM, sinusoidal
PWM, trapezoidal PWM, and Triangular PWM.
Result show that for the 3™ harmonic injected
sinusoidal PWM the current in the neutral wire
and the acoustic noise generated from the motor is
maximum whereas for the trapezoidal PWM
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switching scheme the neutral wire and the acoustic
noise generated from the motor is minimum. In
addition, high switching frequency (above 15 kHz)

isa

very effective practice but levies high stress on

semiconductor switching devices and amplify
switching frequency losses.
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